Abstract: The neutralino dark matter (DM) predicted by the Minimal Supersymmetric Standard Model (MSSM) has been probed in several search modes at the Large Hadron Collider (LHC), one of the leading ones among which is the trilepton plus missing transverse momentum channel. The experimental analysis of this mode has, however, been designed to probe mainly a bino-like DM, originating in the decays of a pair of next-to-lightest neutralino and lightest chargino, both of which are assumed to be wino-like. In this study, we analyse how this trilepton channel can be tuned for probing also the wino-like DM. We note that, while the mentioned standard production mode generally leads to a relatively poor sensitivity for the wino-like DM, there are regions in the MSSM parameter space where the net yield in the trilepton final state can be substantially enhanced at the LHC with √ s = 14 TeV. This is achieved by taking into account also an alternative channel, pair-production of the wino-like DM itself in association with the heavier chargino, and optimisation of the kinematical cuts currently employed by the LHC collaborations. In particular, we find that the cut on the transverse mass of the third lepton highly suppresses both the signal channels and should therefore be discarded in this DM scenario. We perform a detailed detector-level study of some selected parameter space points that are consistent with the most important experimental constraints, including the recent ones from the direct and indirect DM detection facilities. Our analysis demonstrates the high complementarity of the two channels, with their combined significance reaching above 4σ for a wino-like DM mass around 100 GeV, with an integrated luminosity as low as 100 fb −1 .
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wino-like DM as well as its co-annihilation with the lighter of the two charginos, χ ± 1,2 , which is almost mass-degenerate with it and hence the Next-to-LSP (NLSP), produces a thermal DM abundance that is a few orders of magnitude below Ω DM , unless its mass is above 2 TeV [19] . For lower masses, a sufficient bino component can raise its abundance somewhat by reducing its interaction strength [20] . Alternatively, one can assume either its non-thermal production, for instance, through a moduli decay in the early universe [21, 22] , or the contribution of other long-lived particles to the current total Ω DM [23] (see also [24] , and references therein, for a recent overview of various DM candidates and their searches).
At the LHC, many searches have been devised for supersymmetric DM, for a variety of its possible production modes. It can be pair-produced electroweakly, and the signature thus probed comprises of missing transverse energy, / E T , along with a jet or a gauge boson coming from Initial State Radiation (ISR) [25] [26] [27] [28] [29] [30] [31] [32] [33] . However, the yield of this search channel is typically very small, owing to the statistical limitations caused by its simple kinematics and the large SM backgrounds. Alternatively, the χ 0 1 may also originate in the decays of the heavier neutralinos and/or charginos, in which case the final state consists of / E T and one or more charged leptons, ℓ ≡ e ± , µ ± [26, [34] [35] [36] [37] [38] [39] . In particular, two Opposite Sign, Same Flavour (OSSF) leptons coming from the χ 0 2 → χ 0 1 Z ( * ) decay provide important kinematical handles in signal selection, which can lead to an enhanced sensitivity. The most promising one among multilepton search channels though is the trilepton (two of which constitute the OSSF pair, while the third one is assumed to result from the decay of a χ ± 1 ) plus / E T (i.e., 3ℓ + / E T ) channel, since the kinematic distributions of such events can be rather distinct compared to the SM backgrounds. These searches have therefore long been considered important probes of DM, both at the Tevatron [40] [41] [42] [43] and the LHC [44] [45] [46] [47] [48] [49] .
In the case of the higgsino-like DM, since χ 0 2 (as well as χ ± 1 ) typically lies very close in mass to χ 0 1 , while the remaining two electroweakinos (EWinos) have much larger masses, the two OSSF leptons get softer as the χ 0 1 -χ 0 2 mass gap becomes smaller. While an accompanying hard ISR can be utilised to trigger on, the yield gets enhanced only for ∆m χ 0 [50, 51] . Thus, the event selection in the 3ℓ + / E T searches has so far been optimised to favour a bino-like χ 0 1 . In addition to the possibility of a large enough ∆m χ 0 i for the outgoing leptons to be detectably hard, this has some other experimental underpinnings also, besides the theoretical motivations for a bino-like DM noted above. Such a DM, unlike the wino-or higgsino-like one, is not directly affected by the lower bound on the χ ± 1 mass (∼ 100 GeV) from the Large Electron Positron (LEP) collider and can thus have a mass comparatively much smaller. Such a low (assumed) DM mass helps reduce the phase-space suppression of the production cross section of the decaying heavier neutralino and chargino. Furthermore, since the two parent particles both have nearly the same (wino-like, higgsino-like or wino-higgsino) composition, their masses are typically identical, which cuts down the number of variables in the kinematic selection of events.
The aim of this article is to show that the 3ℓ + / E T searches can have a sizeable sensitivity also to a wino-like DM at the LHC with √ s = 14 TeV. This is made possible by the contribution of two processes, which can complement each other substantially in the case of a wino-like DM, to this final state. For exploring this possibility, we first find regions with a wino-like DM in the parameter space of the MSSM by performing numerical scans, after imposing universality conditions on some of the parameters that do not have a significant role to play in this context. The scanned points are tested against the most crucial and recent experimental constraints, and the successful ones are used to study some important characteristics of these regions. We finally perform a thorough signal-to-background analysis of some benchmark points (BPs) in order to calculate the combined statistical significance of the two signal channels. In doing so, we highlight which kinematical cuts currently established in the experimental analyses need to be optimised for an improved detectability of the wino-like DM. One cut of particular relevance here is that on the transverse mass, which is imposed generally to minimise the W ± Z background. However, in the DM scenario of our interest, the third lepton originates from a highly offshell W ± * and is thus very soft. Therefore, the transverse mass cut suppresses the signal processes much more strongly than the backgrounds, and dropping it results in an enhanced statistical significance. The plan of of the paper is the following. In the next section, we briefly discuss the neutralino and chargino sectors of the MSSM as well as the two complementary signal processes of our interest. In section 3 we dwell on the parameter space scans and describe in detail the properties of the points with wino-like DM obtained from these scans. In section 4 we explain the specifics of our detector-level analysis as well as its results. We present our conclusions in section 5.
DM in the MSSM

Neutralino and chargino masses
The mass matrix for the four neutralinos is given, in the ψ 0 
The neutralino mass eigenstates are then given by χ 0 i = N * ij ψ 0 j . The eigenvalues of N ij can be positive or negative, but are not ordered in mass after performing the diagonalisation. They are reordered so that χ 0 1 is the lightest eigenvalue,
The two signal topologies, (a) S 1 and (b) S 2 , that can contribute to the 3ℓ + / E T signature.
which is typically also the LSP and thus our DM candidate, and can be expressed as the linear combination
It is clear that the sizes of M 1 , M 2 and µ, i.e., the bino, wino and higgsino mass parameters, respectively, describe the composition of the LSP. For example, if M 2 ≪ M 1 , µ, then the LSP has a mass mχ0 1 ≃ M 2 and is thus referred to as 'wino-like'. For convenience, we define
and, in the following, limit ourselves only to a 'wino-dominated' DM candidate, i.e., to χ 0
The charged higgsinos ( H + u and H − d ) and winos ( W + and W − ) also mix to form the chargino eigenstates, χ ± a (a = 1, 2). The mass matrix for the charginos is given by
where m W is the mass of the W ± boson. By rotating this mass matrix using two unitary 2 × 2 matrices U and V , the mass eigenvalues of the two physical charginos are obtained as
In the limit of M 2 ≪ M 1 , µ, where the LSP is wino-like, the lightest chargino is also dominantly wino-like and is nearly mass-degenerate with the LSP, as noted in the Introduction.
Trilepton searches at the LHC
At the LHC, the standard process that is assumed to give the 3ℓ + / E T final state is the following one: In the case of wino-like DM, an alternative possibility, that has rarely been explored in literature, is the NLSP to be higgsino-like (implying M 2 < µ < M 1 ). In such a scenario, not only are χ 0 1 and χ ± 1 nearly mass-degenerate but also are χ 0 2,3 and χ ± 2 . This means that the mass difference between the two charginos, ∆m
, is very close to ∆m χ 0 2/3 . This has some interesting phenomenological repercussions, with a crucial one being that, in certain regions of the MSSM parameter space, besides the standard S i 1 channels noted above, the following process can contribute strongly to the 3ℓ + / E T final state:
The diagrammatic representation of the processes S i 1 and S 2 is given in figure 1 . In the following sections we shall explore in depth these two processes and show that their complementarity can result in a large sensitivity to wino-like DM at the LHC Run-II.
3
Parameter space scans and features
We first study some important general characteristics of the wino-dominated DM. For this purpose, we numerically scanned the parameter space of the phenomenological MSSM, wherein all the free parameters are input at the EW scale. In order to reduce the number of free parameters, we imposed the following universality conditions on them:
are the soft masses of the squarks, M L 1,2,3 and M E 1,2,3 those of the sleptons, and At ,b,τ the soft trilinear couplings. These and the other free parameters were scanned in the ranges given in table 1(a). In order to avoid any potential conflict of a scanned point with the null gluino searches at the LHC, we fixed (mg ∼) M 3 = 2 TeV. Note that we performed two separate scans corresponding to µ > 0 and µ < 0 each, since the DM-nucleon scattering cross section depends strongly on the sign of µ in addition to its magnitude, impacting the consistency of a given DM mass with direct detection limits.
Tools and methodology
For each randomly generated point in the above parameter space, the mass spectra as well as the decay Branching Ratios (BRs) of the Higgs bosons and sparticles were calculated using the public code SPheno-v3.3.8 [55, 56] . For computing Ω χ 0 1 h 2 and the spin-independent χ 0 1 -proton scattering cross section, σ SI p , we passed the output file generated by SPheno for a given point to the code MicrOMEGAs-v4.3.1 [57] [58] [59] . We then required each point to satisfy Ω χ 0 1 h 2 ≤ 0.131, thus allowing a +10% error in the PLANCK measurement of Ω DM = 0.119 [2] . Moreover, in this study we identify the lightest CP-even Higgs boson, h, with the one observed at the LHC [60, 61] . We therefore retained only points with m h = 125 ± 2 GeV from the scans. We allow such flexibility in m h , instead of enforcing the exact measurement (125.09 ± 0.32 GeV [62] ) on it, to accommodate hitherto unknown corrections from higher order calculations.
The points collected in the scans were further subjected to some other experimental constraints, which are listed in table 1(b). The MSSM estimates of the b-physics observables shown in the table were obtained from SPheno itself. The theoretical counterpart of the signal strength, µ X , of h in the X decay channel, can be defined (at the tree level) as
where h SM denotes the SM Higgs boson. We obtained these quantities for a given MSSM point from the public program HiggsSignals-v1.4.0 [63] . Note that, while the errors shown in the table are 1σ, the points we consider allowed actually have model predictions lying within 2σ of the corresponding measured central values. Finally, the scanned points were also tested with HiggsBounds-v4.3.1 [64] [65] [66] , and only the ones for which the heavier Higgs bosons (H, A) were consistent with the exclusion bounds from Tevatron and LHC were used for subsequent analysis.
Phenomenology of Wino-like DM
Since the dominant contribution to χ 0 i χ ± j production comes from an s-channel W ±( * ) , we begin our analysis by first calculating the phase-space independent effective quantities
, and
corresponding to the two signal processes of our interest. Note that the g 2
in the above equations have been simply defined as the sums of the absolute-squares of the leftand right-handed W ± -neutralino-chargino couplings,
The purpose of defining the dimensionless S eff 1 and S eff 2 is a qualitative and comparative overview of the two processes without having to calculate their total cross sections for each allowed point. Thus, the neutralino BRs used in eq. (3.4) actually imply
The top panels of figure 2 show S eff 1 and S eff 2 for the scanned points along the x and y axes, respectively. We see in panel (a) that, in the case of µ > 0, points with the largest values of S eff 1 (shown in grey in the background) are ruled out by the 95% confidence level (CL) exclusion limits on σ SI p from the XENON1T direct detection (DD) experiment [67] , so that for the allowed points S eff 1 hardly exceeds 10 −4 . S eff 2 is comparatively much smaller for this case, only just crossing 10 −5 , irrespective of the XENON1T constraint. In contrast, for µ < 0 (shown in panel (b)), some points with S eff 1 ∼ 10 −3 survive the XENON1T limits, while S eff 2 too can reach as high as 10 −4 for a considerable proportion of the allowed points. Therefore, we will limit our analysis from here onwards only to points belonging to the µ < 0 case.
In panel (c) we show the consistency of the remaining points against currently the strongest 95% CL exclusion limits from indirect detection (ID) for DM masses of our interest, which come from the combined analysis of χ 0 1 χ 0 1 → bb annihilation in dwarf spheroidel galaxies (dSphs) performed by the Fermi-LAT gamma-ray telescope and the MAGIC Cherenkov detector collaborations [68] . One sees that this constraint further rules out a large portion of points that satisfy the DD limits. According to panel (d), the only points for which S eff 1 approaches about 10 −3 are the excluded (grey) ones, for which M 2 M 1 while |µ| is relatively large, implying that there is a significant bino component in χ 0 1 and the χ 0 2 is bino-like. Among the points surviving both the above constraints, when the DM is almost purely wino, which can be identified from the colour maps showing Z W and Z H in panels (b) and (d), respectively, of figure 2, the two effective cross sections typically stay below 10 −5 . For points with wino-higgsino DM and higgsino-like χ 0 2,3 , lying in the top 1/4th of the area of the two panels, S eff 2 is highly enhanced. These points can in fact be divided into two scenarios. In the first one, χ 0 1 is almost equal parts wino and higgsino (the purple points and S eff 2 mostly have nearly identical values, and we refer to it as the 'wino with large higgsino' (WLH) scenario here. In the second, 'wino with small higgsino' (WSH), scenario, Z W in χ 0 1 dominates over Z H by roughly 7:3 (the red points in panel (b)). Crucially for this scenario, the S eff 2 can be more than an order of magnitude larger than S eff 1 . The points highlighted in light (dark) green in panels (c) and (d) are the BPs corresponding to the WSH (WLH) scenario that we selected for our detector-level analysis discussed later.
In figure 3 (and onwards), we show only S is always higher than 1 GeV [39] , except for some points with a very large Z W (which we will ignore here).
The most important feature of relevance to this study is illustrated in figure 4 , where we note that points with ∆m χ 0 2 60 GeV do not appear. This is because a larger higgsino component in χ 0 1 leads to exclusion by the XENON1T constraint, implying that m χ 0 1 lying just above the noted value only barely satisfy it. With increasing Z W the mass-splitting , as noted earlier and seen again in figure 4(b) . In fact, S eff 2 has the maximal achievable values here, and thus compensates for the reduction in S the corresponding coupling,
depending only on the higgsino components in χ 0 1 and χ 0 2 . Thus, for a wino-like χ 0 1 and higgsino-like χ 0 2,3 this coupling can undergo reduction due to large cancellations. Such cancellations are not as strong in the case of the coupling, Signal-to-background analysis of benchmark points
In order to perform a detector-level analysis, we picked five BPs for each of the two DM scenarios from the allowed points, as noted earlier. is essentially inspired, besides the phase-space considerations, by the observation in figure 3(b) that the S eff 2 starts declining rapidly after this value. For the selected BPs, the parton-level cross sections at the leading order (LO) for the S 1 and S 2 signals were calculated with MadGraph5 aMC@NLO [70] for the LHC with √ s = 14 TeV. 2 These cross sections were then multiplied by a k-factor of 1.25, since it is almost a constant for the neutralino and chargino mass ranges of our interest, obtained from the public code PROSPINO-v2.1 [71] .
As noted in the previous section, for a given m BPs chosen for each of the two scenario, for reference in the discussion to follow.
The SM backgrounds (B) were also obtained from MadGraph, but at the next-to-LO (NLO) for consistency. The MadGraph outputs were then passed to PYTHIA6 [72] for partonshowering and hadronisation, with jet (j)-clustering (where j = g, u, c, d, s, b) performed using the anti-k t algorithm [73] with a cone radius ∆R = 0.5, pseudorapidity |η(j)| < 2.5, and p T (j) > 30 GeV, and subsequently to the DELPHES package [74] for fast detector simulation. Finally, we manipulated the Monte Carlo (MC) data with MadAnalysis5 [75] .
We required each event to contain exactly three reconstructed leptons, with each of them having |η(ℓ)| < 2.4, two being OSSF ones, and at least one having p T > 20 GeV. Jets were separated from the lepton candidates through ∆R(ℓ, j) > 0.4, and those consistent with anomalous noise in the calorimeters were rejected [76] . The dominant irreducible backgrounds for this search are from W ± Z and tt production, of which the latter is suppressed by rejecting events with at least one b-tag. We also take into account the subdominant background from ZZ production, but disregard those from rare SM processes such as ttZ, ttW , ttH and tri-boson production. Furthermore, since the DM of our interest here is wino-like and thus always heavier than ∼ 100 GeV, rejecting events with / E T < 100 GeV can substantially suppress the additional backgrounds from events with Z + jets and W + W − 2 We have adopted here 14 TeV as a realistically achievable energy by the LHC over the time frame necessary to accrue the O(1000) fb −1 luminosities needed to establish some of our signals (as we will see below). However, if we were to instead use √ s = 13 TeV in our analysis, the cross sections would typically be lower by 10 − 20% and the signal significances would scale accordingly. production. This can be easily deduced from figure 6, containing the / E T distributions for the two signals and the considered backgrounds. In the trilepton searches at the LHC, the two OSSF leptons are characterised by the invariant mass M ℓ + ℓ − , while the third lepton, ℓ 3 , is identified by constructing the transverse mass,
where ∆φ ℓ 3 , / E T is the difference between the azimuthal angles of ℓ 3 and / E T . The LHC searches [44] [45] [46] [47] [48] [49] define certain regions in M T , i.e., M T > 160 GeV, 120 GeV < M T < 160 GeV, and 0 GeV < M T < 120 GeV, in order to suppress the huge W ± Z background. In the wino-like DM scenario though, the near mass-degeneracy between χ 0 1 and χ Table 3 : Cut-flow for S 1 , S 2 and the SM backgrounds for BP1, at the LHC with √ s = 14 TeV for L = 300 fb −1 . The numbers in the last two (green-shaded rows) are obtained by disregarding the cuts on M T (shown in the red-shaded rows).
that the ℓ 3 is generally very soft, so that any cut on M T almost completely diminishes both the signals, as figure 7(a) illustrates. However, figure 7(b) shows that a 75 GeV < M ℓ + ℓ − < 105 GeV selection condition on the OSSF lepton pair can prove crucial in recovering the signal events while keeping the SM background under control.
For each of the ten BPs we then calculated the statistical significance, defined as 2) where the number of events for the S 1 signal is given as
corresponding to the S i 1 signal processes for i = 1 − 3, N S 2 is the number of S 2 signal events and N B the total number of background events. We also define the total number of 3ℓ + / E T signal events as N S 3ℓ = N S 1 + N S 2 in order to calculate the combined significance of the two production modes considered.
In table 3, we show the cut-flow for N S 1 , N S 2 and N B for BP1, as well as the individual and combined signal significances at the LHC with √ s = 14 TeV for L = 300 fb −1 . In accordance with the discussion above, for the final Z i quoted, we ignore the M T selection cuts shown in the red rows, as they highly suppress the signals, and instead impose the following two cuts: / E T > 100 GeV and 75 GeV < M ℓ + ℓ − < 105 GeV, in the rows highlighted in green. In table 4 we show a similar cut-flow for the same BP but with L = 1000 fb −1 . We note in both the tables that Z 2 is larger than Z 1 and hence our slight modification of the selection procedure raises the combined significance, Z 3ℓ , to a considerably higher value than what would be achievable with the cuts adopted in the 3ℓ + / E T searches at the LHC so far. Table 4 : As in table 3 above, for L = 1000 fb −1 .
Instead of showing the cut-flow tables and the final significances for all the remaining nine BPs, for brevity, in figure 8 we present our results in the form of contours in the m χ 0 1 -Z i plane for four different values of L: 100 fb −1 (red), 300 fb −1 (green), 1000 fb −1 (blue) and 3000 fb −1 (black). (We include 3000 fb −1 as the target L of the so-called High Luminosity LHC (HL-LHC) [77] ). The rows in the figure correspond to the scenarios WSH (a) and WLH (b), and the columns to the signals S 1 (left), S 2 (centre), and their combination S 3ℓ (right). Evidently, the shape of a contour is only a crude depiction of the variation in Z i with increasing m χ 0 1 , owing to the fact that it is obtained by connecting five mutually widely and unevenly spaced BPs (highlighted by the dots on the contours) selected from a random, rather than a continuous, parameter space scan. We note in the figure that, for m χ 0 1 ∼ 100 GeV in the WSH scenario, the Z 3ℓ can reach higher than 4σ for L = 100 fb −1 , thanks mainly to the contribution from S 2 . For a same-mass DM in the WLH scenario, a combined significance close to 2σ may be obtainable with L = 300 fb −1 , again, with S 2 dominating S 1 by far.
Conclusions
The LHC searches for supersymmetric DM in the trilepton plus missing transverse momentum channel have by design had maximal sensitivity to a bino-like LSP that emerges in the decays of a pair of the next-to-lightest neutralino and the lightest chargino, both of which are supposedly wino-like. In this study, we have first performed a careful examination of the properties of the wino-like DM and of the accompanying charginos and heavier neutralinos, by defining effective quantities that help establish a holistic and clear overview of the interplay among their masses. Our inferences from the picture that emerged led us to perform a detector-level analysis of some BPs that are consistent with crucial experimental constraints. These include the signal rates of the observed Higgs boson as measured by the LHC, the relic abundance of the universe, the measurements of certain b-physics observ- ables, and most importantly, the recent exclusion limits from the XENON1T detector and from the Fermi-LAT and MAGIC experiments combined. Through this analysis, we have noted that, while the standard production mode generally results in a relatively poor sensitivity for the DM of our interest, there are regions in the MSSM parameter space where the net yield in the trilepton final state can be substantially enhanced. This is thanks to an alternative channel, the production of the wino-like DM directly in association with the heavier chargino, coming into play. We have demonstrated that, through some optimisation of the kinematical cuts currently employed by the LHC collaborations in the trilepton searches, the complementarity of the two channels can be fully exploited. In particular, we have proposed to drop the M T cut, the main purpose of which is conventionally to reduce the W ± Z background. In the case of the wino-like DM though, the third lepton (coming from the W ± * ) is very soft, so that the background essentially contains only two leptons. Hence, instead of this selection, our suggested modified cuts on / E T and M ℓ + ℓ − can be utilised to isolate the combination of the two signals from the SM backgrounds.
The relevance of our analysis for the phenomenology of the MSSM is thus very clear-cut, as a hint of such wino-like DM at the LHC would point towards the following configuration of SUSY: 1. µ < 0, 2. an inverted EWino mass hierarchy incompatible with an mSUGRA-inspired SUSYbreaking mechanism,
